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Abstract

Soil erosion by water is serious global problem. In Africa, about 5 Mg ha−1 of productive topsoil is lost to lakes and oceans
each year. This study was conducted at the Kianjuki catchment in central Kenya to predict annual soil loss using the Revised
Universal Soil Loss Equation (RUSLE Version 1.06) to determine the erosion hazard in the area and target locations for
appropriate initiation of conservation measures. All factors used in RUSLE were calculated for the catchment using local
data. The rainfall erosivityR-factor was 8527 MJ mm ha−1 h−1per year and the annual average soil erodibilityK-factor was
0.016 Mg h MJ−1 mm−1. Slopes in the catchment varied between 0 and 53% with steeper slopes having overallLS-values
of over 17. TheC-factor values were computed from existing cropping patterns in the catchment, including corn–bean (Zea
mays–Phaseolus vulgaris) 1-year rotation, coffee (Coffea arabica), and banana (Musa sapientum). Support practiceP-factors
were from terraces that exist on slopes where coffee is grown. Total annual soil loss predictions varied from one overland
flow segment to the next and ranged from 134 Mg ha−1 per year for slopes with averageLS-factors of 0–10 to 549 Mg ha−1

per year for slopes with averageLS-factors of 20–30, which is more than the estimated soil loss tolerance (T) for the area of
2.2–10 Mg ha−1 per year. Using 3 years of field data, the RUSLE model was able to pinpoint site-specific erosion hazards asso-
ciated with each overland flow segment in the catchment for different cropping patterns and management practices. This work
highlights the severity of erosion in tropical highlands of east Africa and gives suggestions on possible intervention strategies;
however, there is still a need for developing more long-term data to validate the model to suit local agro-ecological conditions.
Published by Elsevier Science B.V.
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1. Introduction

Soil erosion increased throughout the 20th century.
About 85% of land degradation in the world is asso-
ciated with soil erosion, most of which occurred since
the end of World War II, causing a 17% reduction in
crop productivity (Oldeman et al., 1990). In assessing
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the economics of soil conservation in Kenya, erosion
control under natural and agricultural conditions will
be important for maintaining current agricultural pro-
duction levels (Pagiola, 1990). There is also a stated
need to identify critical areas for targeting limited ero-
sion control funding. Erosion prediction models can
help address long-range land management planning
under natural and agricultural conditions. Even though
it is hard to find a model that considers all forms of
erosion, some models were developed specifically to
aid conservation planners in identifying areas where
introducing soil conservation measures will have the
most impact on reducing soil loss.

The Revised Universal Soil Loss Equation (RUSLE;
Renard et al., 1997) model, although developed to pre-
dict water erosion in temperate climates, is easier to
adapt to tropical climates than other existing models.
RUSLE is an empirically based model, founded on
the Universal Soil Loss Equation (USLE;Wischmeier
and Smith, 1978), but is more diverse and includes
databases unavailable when the USLE was developed
(Renard et al., 1997). RUSLE is designed for use at
the runoff plot or single hillslope scales. The RUSLE
model enables prediction of an average annual rate of
soil erosion for a site of interest for any number of sce-
narios involving cropping systems, management tech-
niques, and erosion control practices. Erosion rates
of ungauged catchments can also be predicted using
RUSLE by using knowledge of the catchment char-
acteristics and local hydro-climatic conditions (Garde
and Kathyari, 1990). The results from erosion pre-
diction are compared to estimated soil-loss tolerance
(T) values for the area in question, which denotes the
maximum rate of soil erosion that can occur and still
permit crop productivity to be sustained economically.
An infinite number of slope lengths exist in a field.
In RUSLE, erosion can be calculated for several slope
lengths and the results averaged according to the area
represented by each slope length to obtain an erosion
rate for a field. Results from representative fields can
be combined to estimate erosion rates for an entire
watershed.

RUSLE computes the average annual erosion ex-
pected on hillslopes by multiplying several factors
together: rainfall erosivity (R), soil erodibility (K),
slope length and steepness (LS), cover management
(C), and support practice (P). The values of these fac-
tors are determined from field and laboratory experi-

ments (Renard et al., 1997). TheR-factor is measured
as the product (EI) of total storm energy (E) and
the maximum 30-min intensity (I30) for all storms
over a long time (Brown and Foster, 1987). The EI
parameter quantifies the effects of raindrop impact
and reflects the amount and rate of runoff likely to
be associated with the rain (Wischmeier and Smith,
1978). The K-factor reflects the ease with which
the soil is detached by splash during rainfall and/or
by surface flow, and therefore shows the change in
the soil per unit of applied external force of en-
ergy. This factor is related to the integrated effect
of rainfall, runoff, and infiltration and accounts for
the influence of soil properties on soil loss during
storm events on sloping areas. For tropical soils, un-
stable soil aggregates, modified silt, sand, and the
corresponding base saturation are used to determine
K (El-Swaify and Dangler, 1976). The K-factor de-
rived from the USLE nomograph (Wischmeier and
Smith, 1978) is applicable to tropical soils that have
kaolinite as the dominant clay mineral, but less ap-
plicable where Vertisols dominate (Roose, 1977).
The LS-factor accounts for the effect of slope length
and slope gradient on erosion. RUSLE provides
conversion tables for determiningLS on uniform
slopes (Renard et al., 1997). Soil loss increases
more rapidly with slope steepness than it does with
slope length (McCool et al., 1987). The C-factor
measures the effects of all interrelated cover and
management variables (Renard et al., 1991). Val-
ues ofC can vary from near zero for well-protected
soils to 1.5 for finely tilled, ridged surfaces that are
highly susceptible to rill erosion. RUSLE software
provides extensive crop database values, including
some tropical crops, which are used to evaluate
the C-factor, especially when plant growth char-
acteristics are known, or the user may develop a
more appropriate database from experimental data
(Renard et al., 1997). The P-factor is the ratio of
soil loss with specific support practice to the corre-
sponding loss with up and downslope tillage. These
practices proportionally affect erosion by modifying
the flow pattern, gradient, or direction of surface
runoff and by reducing the amount and rate of runoff
(Renard and Foster, 1983). Values forP-factor range
from about 0.2 for reverse-slope bench terraces, to
1.0 where there are no erosion control practices
(Wischmeier and Smith, 1978). On croplands, sup-
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port practices include contouring (tillage and planting
on or near the contour), strip cropping, terracing, and
subsurface drainage and their values can be calcu-
lated in conjunction with theR, K, andLS-factors to
reflect their effect on reducing runoff (Renard et al.,
1997).

The International Center for Research in Agro-
forestry (ICRAF) in collaboration with national agri-
cultural research institutions in east Africa has set
up the African Highland Initiative program (AHI).
The AHI program focuses on conserving soil and in-
creasing plant productivity of watershed areas using
agroforestry intervention approaches with the partici-
pation of the local community. In central Kenya, AHI
chose four catchments (Ndunduri, Ivondo, Kambita
and Kianjuki) to be pilot projects for the sub-humid
and humid highlands of central Kenya. However, be-
fore any meaningful soil conservation intervention
methods could be implemented, there was a need to
determine the erosion hazard associated with these
catchments. For this study, the erosion hazard was
evaluated for the Kianjuki catchment.

The objectives of this study were to predict long
term soil loss in the Kianjuki catchment using RUSLE
by determining: (1) rainfall and runoff erosivity
R-factor; (2) soil erodibilityK-factor; (3) slope length
and steepnessLS-factor; (4) cover and management
C-factor; and (5) support practiceP-factor. The work-
ing hypothesis for this study was that soil loss from
the catchment would be higher than the soil loss tol-
eranceT that has been estimated for the area, which
is 2.2–10 Mg ha−1 per year depending on the depth
of the A-horizon, thus will warrant implementing soil
conservation intervention measures.

2. Methods

This study was conducted at the Kianjuki catch-
ment area in the Embu District of central Kenya. Lo-
cated about 45 km south–southeast of Mt. Kenya and
125 km northeast of Nairobi, this site is representa-
tive of most of the east African highlands for climate,
soils, slopes, and vegetation. It is located at 00◦30′S
latitude, 37◦27′E longitude, and 1480 m above sea
level (O’Neill et al., 1993). Average annual rainfall is
1500 mm, which comes during two rainfall (growing)
seasons called the long rains (March–September) and

the short rains (October–February). Soils are classified
as Humic Nitosols (FAO-UNESCO, 1988) or Typic
Palehumults (USDA, 1975).

The average soil loss (A) due to water erosion per
unit area per year (Mg ha−1 per year) was quantified,
using RUSLE 1.06b (USDA-ARS, 2001; Renard et al.,
1997) by the following equation:

A = R × K × L × S × C × P (1)

whereA is the average soil loss due to water erosion
(Mg ha−1 per year),R the rainfall and runoff erosivity
factor (MJ mm ha−1 h−1 per year),K the soil erodi-
bility factor (Mg h MJ−1 mm−1), L the slope length
(m), S the slope steepness (%),C the cover and man-
agement practice factor, andP the support practice.
RUSLE, which was developed for field use in the
USA, uses inputs and produces output in US custom-
ary units, thus factor values were converted to SI units
(Système International d’Unités) for presentation here.

2.1. Rainfall and runoff erosivity R-factor

The R-factor is usually calculated as an average of
EI values measured over 20 years to accommodate
apparent cyclical rainfall patterns. Since this catch-
ment region did not have long-term rainfall records,
the R-factor was computed using the procedure de-
scribed byRenard and Freidmund (1994). For this,
storm events and monthly rainfall totals are used to
calculate anR-factor based on short term minute by
minute rainfall data. Using an automatic tipping rain
gauge that tipped each minute it rained, rainfall was
measured throughout 1 year in the catchment. The data
were used to calculate the individual total storm ki-
netic energy (E) in MJ ha−1 and the maximum 30-min
intensity (I30) in mm h−1. Using this data, the rainfall
erosivity factor (R) in MJ mm ha−1 h−1 per year was
calculated as:

R =
∑j

i=1(EI30)i

N
(2)

where (EI30)i is theEI30 for storm i, j the number of
storms in anN year period. The total storm kinetic
energyE, in MJ ha−1 mm−1 was calculated by:

E =
∑

i=1

er �Vr (3)

er = 0.29[1− 0.72 exp(−0.05ir)] (4)
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whereer is the rainfall energy per unit depth of rainfall
(MJ ha−1 mm−1 h−1) (Brown and Foster, 1987), Ir the
rainfall intensity for a particular increment in a rainfall
event (mm h−1), and�Vr the duration of the increment
over whichIr is constant in hours (h).

At the study site, daily rainfall totals were available
for 12 years (1987–1991, 1993–1999) collected by
the Embu meteorological station, under the Ministry
of Agriculture, Kenya. A relationship was developed
from the minute-by-minute data by usingEq. (2)and
utilizing the daily rainfall totals available for 12 years
to develop the long-termR-factor for the study site.
This value was then used in RUSLE to predict annual
soil loss for the catchment.

2.2. Soil erodibility K-factor

Soil erodibility K-factor was determined using in-
herent soil properties, following theEl-Swaify and
Dangler (1976)procedure for tropical soils, which
uses the percent-modified silt (0.002–0.1 mm), per-
cent modified sand (0.1–2 mm), base saturation, per-
cent unstable aggregates, and percent very fine sand.
The values for the measured soil properties were used
to calculateK using the following equation:

K = −0.03970+ 0.00311X1 + 0.00043X2

+ 0.00185X3 + 0.00258X4 − 0.00823X5 (5)

whereX1 is the percent unstable aggregates<0.250
mm, X2 is the product of the percent of silt
(0.002–0.01 mm) and sand (0.1–2 mm) present in the
sample,X3 is the percent base saturation of the soil,
X4 is the percent silt present (0.002–0.050 mm), and
X5 is the percent sand in the soil (0.1–2 mm). This
equation results in aK-factor with units of ton acre
h [hundreds of acre ft tonf in.]−1, thus the result was
divided by 7.59 to obtain the equivalent value in SI
units of Mg h MJ−1 mm−1 (Renard et al., 1997).

The percent of unstable aggregates less than
0.250 mm and sand between 0.1 and 2.0 mm was
determined by wet sieving following procedures de-
scribed byFranzmeier et al. (1977). A 10 g soil sam-
ple was pre-wetted overnight to reduce the effect of
slaking. The soil was then introduced into a nest of
oscillating sieves of 4.76, 2.0, 1.0, 0.5, and 0.21 mm
immersed in deionized water. Any soil that passed
through the 0.21 mm sieve constituted the unstable

aggregate fraction for this procedure. The material in
each sieve was gently crushed under running water,
allowing the smaller particles to be washed through
the sieve, while the sand was retained on the sieve.
The sand was then oven-dried in the sieves at 105◦C
for 24 h. The sand was then passed though a vibrating
nest of sieves that separated it into very coarse sand
(1–2 mm), coarse sand (0.5–1 mm), medium sand
(0.25–0.5 mm), fine sand (0.10–0.5 mm), and very
fine sand (0.05–0.1 mm).

Percentage clay and silt present in the soil and par-
ticle size distribution was determined by the pipette
method (Gee and Bauder, 1986). Briefly, 10 g of soil
were dispersed using sodium hexametaphosphate,
shaken overnight, and then followed by a period of
sedimentation. Aliquots for particle size distribution
were drawn from the samples, using a pipette at differ-
ent times, depending on the size fraction in question.

Cation exchange capacity (CEC) and exchangeable
acidity (EA) were measured (Summer and Miller,
1996) and used to calculate the percent base saturation
(BS).

Additionally, total carbon was determined as by dry
combustion (CHN-600, Leco Corp., St. Joseph, MI),
and since there were no carbonates present in the soil
samples, total carbon was equivalent to total organic
carbon.

2.3. Slope length and steepness LS-factor

The catchment, which occupies approximately
120 ha (297 acres), was divided into 35 sub-units
or segments that were considered to have uniform
slopes (Fig. 1). These segments were then grouped
into drainage profiles that had independent runoff
flow patterns during rainfall storms. The slope lengths
for each segment, as well as the percent slope, were
measured using a global positioning unit (Magellan
GPS 75, Magellan Consumer GPS Products, San Di-
mas, CA) and an inclinometer (T2-inclinometer, US
Digital Corporation, Vancouver, WA), respectively.
These data were used as input for RUSLE to gener-
ate overallLS-factors and equivalent slopes for each
segment in the profile. Most slopes in each profile
exceeded the maximum 304 m (1000 feet) allowed
in RUSLE calculation. Measurements for an overall
LS were therefore taken from the top of each profile
to a position downslope where deposition was more
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Fig. 1. Diagram of the Kianjuki catchment in central Kenya showing the nine profiles with slope lengths (m) for each segment. Segments
are numbered from the top of each profile.

than detachment and the length was less than 304 m.
The top of the profile was chosen at a point of origin
for overland flow. Methods for selecting slopes are
detailed in the RUSLE documentation (McCool et al.,
1997).

2.4. Cover management C-factor

Crop growth data as well as cropping patterns
and land use systems from Kianjuki catchment were
used to create a crop database for RUSLE. The pre-
dominant cropping systems included corn–bean (Zea
mays–Phaseolus vulgaris) 1-year rotation, coffee
(Coffea arabica), and banana (Musa sapientum). Us-
ing the database, RUSLE produced the corresponding
C-factor values for the catchment. The crop database
required parameters such as residue mass at harvest,
row spacing, surface and subsurface residue decom-

position rates, residue mass at 30, 60, and 90% cover,
and root mass density in the top 10 cm soil at different
stages of growth. Since the catchment has about 100
farms that have an average size of 1.2 ha with differ-
ent cropping patterns and management, theC-factor
for each uniform slope was weighted by the percent
of the crop present in each segment and then averaged
over the profile.

The C-factor evaluation incorporates cropping and
management factors that include interrelated effects of
cover, crop sequence, cultural practices, and length of
growing season (Wischmeier and Smith, 1978). Within
the study catchment, multiple families own land within
a single profile and use different cropping and cultural
practices. The problems arising from this complexity
were overcome by dividing the slope profile into seg-
ments with uniform slopes, making the evaluation of
cropping pattern easier.
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2.5. Support practice P-factor

An overall P-factor was computed as a product of
P-factors for individual support practices that are used
in combination to reduce erosion. Such practices in-
clude terracing, contour tillage, and permanent barri-
ers or strips. For this catchment, theP-factor for ter-
racing was the only one used since the other practices
were absent or not consistent throughout the slopes.
Values for the terracing factor were available from the
RUSLE database software. Its value varied depending
on the slope length and steepness.

3. Results and discussion

3.1. Rainfall and runoff erosivity R-factor

The rainfall events and the erosion indices (EI), for
the 1-year minute-by-minute rainfall measured form
September 1998 through August 1999 were well cor-
related (r2 = 0.86 for P = 0.05 Fig. 2) and gave this

Fig. 2. Daily rainfall totals and erosion indicesEI (r2 = 0.86, P = 0.05) for the Kianjuki catchment in central Kenya (September
1998–August 1999). Each point represents the erosion index associated with each recorded storm. Rainfall intensity was recorded once a
minute.

relationship:

EI = 9.533d (6)

whereEI is the erosion index, andd the total amount
of rainfall (mm) in a continuous daily rainfall event
that exceeds 13 mm. There were eleven storms that
exceeded 13 mm during this drought year.

UsingEq. (6)with the 12 years of rainfall data, the
average annual rainfall erosivity factorR (average an-
nual EI) was calculated, usingEq. (2) andfound to
be 8527 MJ mm ha−1 h−1 per year [501 hundreds of
foot tonf inch acre−1 h−1 per year] (Table 1), for a
mean annual rainfall of 1500 mm. The 12 years in-
cluded not only data from the drought years when the
field data was accumulated, but also data from the wet
years including the rains that were influenced by the
El Niño effect and were up to four times higher than
other years.

This R-factor was greater than the 2800 MJ mm
ha−1 h−1 per year observed in neighboring Zim-
babwe where the mean annual rainfall is 700–800 mm
(Stocking and Elwell, 1976), and where for every
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Table 1
EI index and the average annual rainfall and runoff erosivity
R-factor for Kianjuki catchment in central Kenya

Year EI indexa (MJ mm ha−1 h−1)

1987 7091
1988 13566
1989 7799
1990 10940
1991 3308
1993 8492
1994 11552
1995 8314
1996 5662
1997 12521
1998 9427
1999 3649

Average annualR-factorb 8527c

a EI is the product of total storm energy (E) and the maximum
30-min intensity (I30).

b R-factor in MJ mm ha−1 h−1 per year.
c To convert to US customary units divide by 17.02 (501 foot

tonf inch acre−1 h−1 per year).

100 mm increment over the 300 mm mean annual
rainfall, R increased by 400 MJ mm ha−1 h−1 per year.
The Fournier’s index has been used to calculate annual
R-factor values for West Africa that ranged between
8500 and 12,765 MJ mm ha−1 h−1 per year for average
annual rainfall between 1000 and 1500 mm (Arnoldus,
1980). Effective rainfall data in South Africa, which
includes individual storm events of sufficient duration
to be used in calculatingEI, were used to calcu-
late an R-factor of 9520 MJ mm ha−1 h−1 per year
for an average annual rainfall of 1200 mm (Smithen
and Schulze, 1982). The R-factor determined for the
Kenyan catchment is within the acceptable range for
use in RUSLE, despite having only a few years of data.

3.2. Soil erodibility K-factor

The soils were uniform and similar for the whole
catchment. The soils were over 2-m deep, with a clay
texture, having over 65% clay and very little sand,
and a high base saturation (Table 2). Using Eq. (5)
and the soil properties data, theK-factor for the Kian-
juki soils was calculated as 0.016 Mg h MJ−1 mm−1

(0.12 t acre h [hundreds of acre ft-tonf in.]−1). These
results were similar to the comparable value in the
K-nomograph (Wischmeier and Smith, 1978), which

Table 2
Soil properties for use in calculating the RUSLEK-factor for the
Kianjuki Catchment in central Kenya

Fraction Percentage

Clay (<0.002 mm) 65
Very fine sand (0.05–0.10 mm) 2
Silt (0.002–0.05 mm) 27
Sand (0.05–2 mm) 8
Sand (0.1–2 mm) 6
Total Organic matter 2.8
Base saturation 58
Unstable aggregatesa 10
Permeability class 3 (moderate)
Soil structure code 2 (fine granular)

a Aggregates that pass through the 0.21 mm sieve (unstable
aggregates).

was 0.018 Mg ha h ha−1 MJ−1 mm−1 (0.14 t acre h
[hundreds of acre ft-tonf in.]−1).

K-factors for some African tropical soils have been
estimated using the USLE with US customary units of
ton acre h[hundreds of acre ft tonf in.]−1. Barber et al.
(1979)estimated aK-factor for the Nitosols in central
Kenya as 0.05, whileMati (2000)estimated it as 0.23.
Although there is no information on the variation of
K with time and season, the difference in time and
location, as well as in management practices would
contribute to observed differences inK. TheK-factors
for tropical soils usually increase when soils are culti-
vated and vary with soil type, season of the year, and
cultural practices (Roose and Sarrailh, 1989).

3.3. Slope length and steepness LS-factor

The catchment was divided into 35 segments of
approximately uniform slope that fitted into the 9
drainage profiles (Fig. 1). The length and slope of
each segment were measured and theLS-factor for
each segment was computed using RUSLE 1.06
(Table 3). TheLS-factors varied throughout the catch-
ment depending on the existingC- andP-factors, but
generally, the steeper the slopes the higher theLS-
factors. TheC- and P-factors affect the way runoff
flows on slopes and the RUSLE software allows their
incorporation to determine finalLS of each segment.

The slopes in this catchment exhibited a complex
hillslope profile that was convex along the upper
portion and concave along the lower portion. Com-
plex catchments exhibit the lowest level of soil loss
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Table 3
Hillslope profiles and segments with the associatedLS-factors and weightedC-factors, for the Kianjuki Catchment in central Kenya

Profile Segment Slope (%) LS-factor Dominant
Crops

Crop C-factor Land occupied
by crop

C-factor (%) Weighted
C-factor

1 1 20 5.1 Coffee 0.394 70 0.0758 0.379
Corn/bean 0.343 30 0.1029

2 15 23 Corn/bean 0.343 50 0.1715 0.247
Coffee 0.394 10 0.0394
Banana 0.089 40 0.0356

3 5 0.8 Corn/bean 0.343 40 0.1372 0.343
Banana 0.089 10 0.0089
Coffee 0.394 50 0.197

2 1 20 5.3 Corn/bean 0.343 20 0.0686 0.353
Banana 0.089 10 0.0089
Coffee 0.394 70 0.2758

2 24 7.57 Corn/bean 0.343 20 0.0686 0.353
Banana 0.089 10 0.0089
Coffee 0.394 70 0.2758

3 1 12 2.0 Corn/bean 0.343 80 0.2744 0.292
Banana 0.089 20 0.0178

2 20 3.4 Banana 0.089 80 0.0712 0.140
Corn/bean 0.343 20 0.0686

3 30 7.6 Coffee 0.394 90 0.3546 0.364
Banana 0.089 10 0.0089

4 38 9.0 Coffee 0.394 90 0.3546 0.364
Banana 0.089 10 0.0089

5 40 8.1 Banana 0.089 100 0.089 0.139

4 1 16 2.7 Corn/bean 0.343 100 0.343 0.343
2 24 4.9 Coffee 0.394 100 0.394 0.394
3 35 6.2 Coffee 0.394 80 0.3152 0.384

Corn/bean 0.343 20 0.0686
4 40 7.6 Coffee 0.394 60 0.2364 0.374

Corn/bean 0.343 40 0.1372
5 53 17 Banana 0.089 30 0.0267 0.287

Coffee 0.394 40 0.1576
Corn/bean 0.343 30 0.1029

5 1 14 2.2 Coffee 0.394 60 0.2364 0.374
Corn/bean 0.343 40 0.1372

2 26 5.0 Coffee 0.394 100 0.394 0.394
3 40 16.2 Coffee 0.394 80 0.3152 0.358

Corn/bean 0.343 10 0.0343
Banana 0.089 10 0.0089

6 4 10 2.1 Coffee 0.394 50 0.197 0.343
Corn/bean 0.343 40 0.1372
Banana 0.089 10 0.0089

5 20 4.3 Corn/bean 0.343 30 0.1029 0.318
Banana 0.089 20 0.0178
Coffee 0.394 50 0.197

6 55 12.7 Coffee 0.394 70 0.2758 0.353
Corn/bean 0.343 20 0.0686
Banana 0.089 10 0.0089

7 1 35 6.8 Coffee 0.394 70 0.2758 0.303
Banana 0.089 30 0.0267
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Table 3 (Continued ).

Profile Segment Slope (%) LS-factor Dominant
Crops

Crop C-factor Land occupied
by crop

C-factor (%) Weighted
C-factor

2 45 15.1 Coffee 0.394 90 0.3546 0.364
Banana 0.089 10 0.0089

3 19 4.6 Banana 0.089 50 0.0445 0.216
Corn/bean 0.343 50 0.1715

8 1 40 9.4 Coffee 0.394 70 0.2758 0.303
Banana 0.089 30 0.0267

2 45 13.8 Coffee 0.394 90 0.3546 0.364
Banana 0.089 10 0.0089

3 25 6.1 Corn/bean 0.343 70 0.2401 0.358
Coffee 0.394 30 0.1182

9 1 29 6.0 Coffee 0.394 80 0.3152 0.358
Corn/bean 0.343 10 0.0343
Banana 0.089 10 0.0089

2 10 1.3 Coffee 0.394 70 0.2758 0.328
Banana 0.089 20 0.0178
Corn/bean 0.343 10 0.0343

compared to concave, uniform, and convex slopes
(Renard et al., 1997). This is because the shape of
the hill slope profile affects soil loss rates due to
the changes in the length and gradient characteristics
along the hillslope. In this study rill formation, espe-
cially on tilled ground was noticeable at the start of
the rainy season as erosion continually increased on
the steep slopes during each season.

Soils of the Kianjuki catchment are classified as
not prone to rill or interrill erosion because they
have a high percentage of clay (>65%) (Renard
et al., 1997). However, there is generally a threshold
length at which rilling will start to occur especially
since runoff usually varies with steepness more on
low slopes but not on steep slopes greater than 8%
(McCool et al., 1987). The Kianjuki catchment ex-
hibited slopes greater than 8%, many exceeded 50%,
and some approached 100%. This resulted in a higher
LS-factor, and thus, despite the soil type factor in rill
formation, the slopes were classified as being prone to
rill and interrill erosion. The greater slopes resulted in
increased overland flow and rilling and concentrated
flow depth and velocity in developing gullies.

3.4. Cover management C-factor

The cover management factor was calculated
from four predominant crops (coffee, banana, and

corn–bean in rotation). For each of these crops, val-
ues for residue remaining after harvest (kg ha−1), row
spacing (m), and plant population (number of plants
ha−1) were estimated. The RUSLE database then
assigned values for surface and subsurface residue
decomposition constants and residue at 30, 60, and
90% cover by performing cyclic iterations on 15-day
growth intervals (Table 4). These iterations included
model database estimates for plant root mass in the
top 10 cm of soil, percent canopy cover, and crop
canopy fall height at each of the 15 days. Values
for these estimates were calculated by the RUSLE
routine and were in line with theEI values entered
for the R-factor calculation. For coffee and banana,
the data were entered for 3 years since these were
perennial crops. The resultant RUSLE output was the
C-factor for each cropping pattern used in the catch-
ment. The overallC-factors for crops were 0.314 for
the corn–bean 1-year rotation, 0.415 for the perennial
coffee, and 0.122 for the perennial banana. For each
segment in each profile, these factors were weighted
by the percentage they occupied on the land and an av-
erage finalC-factor was defined for each segment. The
weighted average for all the crops resulted in a lower
C-factor than when only one crop was considered.

Soil loss in the catchment was accelerated because
there was less than 10% surface cover during most
of the year, and the only significant canopy cover
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Table 4
C-factor input data for Coffee, Banana, Corn, and bean cropping patterns for the RUSLE database at Kianjuki catchment, central Kenya

Crop Residue at
harvest
(Mg ha−1)

Row
spacing
(m)

Plant
population
(plants ha−1)

Surface
residue
decomposition
constant

Sub-surface
residue
decomposition
constant

Residue at
30% cover
(Mg ha−1)

Residue at
60% cover
(Mg ha−1)

Residue at
90% cover
(Mg ha−1)

Corn 400 0.76 51900 0.016 0.016 1000 2700 6700
Bean 1500 0.3 27000 0.025 0.025 670 1800 2200
Coffee, 1st year 2200 1.5 3600 0.015 0.015 670 1700 4300
Coffee, 2nd year 2200 1.5 3600 0.015 0.015 670 1700 4300
Coffee, 3rd year 2800 1.5 3600 0.015 0.015 670 1700 4300
Banana, 1st year 20000 2.4 2700 0.015 0.015 1300 3400 6700
Banana, 2nd year 22000 2.4 3000 0.018 0.018 1300 3400 6700
Banana, 3rd year 22000 2.4 3000 0.018 0.018 1300 3400 20000

throughout the year was the 25% canopy associated
with the coffee bushes. Woodlots in the Kianjuki
catchment occupied less that 1% of the land. This is
attributable to the pressure on land for arable farm-
ing (Kohler, 1987; Huber and Opondo, 1995) that
has resulted in all available land being used for crop
production throughout the year. Although the soils in
the catchment were predominantly clay (>65% clay)
and therefore not prone to erosion, steep slopes of up
to 50% and greater, contributed to rill and interrill
formation in the absence of protective surface residue
cover, especially during the start of the rainy sea-
son, before canopy development, when high erosive
storms are common (Omwega, 1989; Mati, 2000).

Forestland around Mt. Kenya has a USLE-calculated
C-factor of 0.007, providing nearly complete canopy
and surface cover for erosion protection (Mati, 2000).
USLE C-factors for cropland in the same area, which
is similar to the Kianjuki catchment, ranged between
0.20 and 0.49, depending on growth stage and inter-
cropping management. In Machakos, Kenya, about
75 km southeast of Nairobi, the USLE-calculated
C-factor for corn is 0.24 (Onstad et al., 1984). The
RUSLE-calculatedC-factors for the current study fall
within the range of values found for other parts of
Kenya.

3.5. Support practice P-factor

An overall P-factor was computed as a product of
theP-factors for individual support practices that were
used alone or in combination to reduce erosion. The
lower the P-factor value, the better the practice is

for controlling soil erosion. The only consistent sup-
port practice observed in all profiles of the catchment
was terracing. Nearly 85% of coffee grown in the
catchment was grown on terraces that were 5–10 m
in length. Such terraces were calculated as having a
P-factor value between 0.5 and 0.7, depending on their
grade and location within the slope profile (Table 5).
Beans, bananas, and corn were not planted in contours
resulting in aP-factor of 1.0 for contouring, and there-
fore, the overall support practiceP-factor was equal
to the terracingP-factor for each slope profile.

3.6. Average annual soil loss from the Kianjuki
Catchment

Rainfall erosivity, soil erodibility, slope length and
steepness, cover management, and support practice
factors were calculated for all the segments that were
within 304 m (1000 feet) from the top of the slope,
forming the nine profiles (Table 5). UsingEq. (1), soil
loss for each segment was calculated and average soil
loss determined for varyingLS slopes with all other
factors incorporated. It was found that for segments
with LS-factors between 0 and 10, predicted soil loss
averaged 134 Mg ha−1 per year, while forLS-factors
between 10 and 20, predicted soil loss increases to
420 Mg ha−1 per year, and for slopes withLS-factors
between 20 and 30, predicted soil loss was high at
549 Mg ha−1 per year (Table 5).

These results compare well with separate actual ero-
sion experiments on runoff plots in the same catch-
ment (Angima et al., 2002) that showed water erosion
on corn–bean 1-year rotation plots yield 223 Mg ha−1
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Table 5
Factors used to predict soil loss from water erosion with RUSLE
for the Kianjuki catchment in central Kenya

Profile Segment Ra Kb LS C P Ac

1 1 8527 0.016 5.1 0.38 0.47 124
2 8527 0.016 4.6 0.25 0.60 94
3 8527 0.016 1.0 0.34 0.64 30

2 1 8527 0.016 5.3 0.35 0.47 119
2 8527 0.016 10.6 0.35 0.60 304

3 1 8527 0.016 2.0 0.29 1.00 79
2 8527 0.016 5.9 0.14 1.00 113
3 8527 0.016 12.4 0.36 0.61 373
4 8527 0.016 20.1 0.36 0.51 503
5 8527 0.016 23.1 0.14 1.00 441

4 1 8527 0.016 2.7 0.34 1.00 125
2 8527 0.016 7.1 0.39 0.59 223
3 8527 0.016 14.0 0.34 0.54 351
4 8527 0.016 18.4 0.37 0.51 474
5 8527 0.016 29.4 0.29 0.50 582

5 1 8527 0.016 2.2 0.37 0.48 53
2 8527 0.016 7.5 0.39 0.77 307
3 8527 0.016 19.2 0.36 0.52 490

6 1 8527 0.016 1.4 0.34 0.48 31
2 8527 0.016 6.0 0.32 0.96 251
3 8527 0.016 26.3 0.35 0.53 666

7 1 8527 0.016 6.8 0.30 0.47 131
2 8527 0.016 18.9 0.36 0.59 548
3 8527 0.016 7.9 0.22 1.00 237

8 1 8527 0.016 9.4 0.30 0.47 181
2 8527 0.016 19.7 0.36 0.56 542
3 8527 0.016 11.7 0.36 0.50 287

9 1 8527 0.016 6.0 0.36 0.47 139
2 8527 0.016 2.0 0.33 0.58 52

a MJ mm ha−1 h−1 per year.
b Mg h MJ−1 mm−1.
c Mg ha−1 per year.

per year of soil loss when there are no soil conser-
vation practices in use on slopes withLS-factors of
8–12. The acceptable tolerable loss for renewable soil
resources with this catchment area has been estimated
as 2.2–4.5 Mg ha−1 per year for the top 0–20 cm of the
soil, and 4.5–10 Mg ha−1 per year for the 25–50 cm
layer (McCormack and Young, 1981). Using this value
for soil formation means that catchment soil losses
occur at a rate greater than soil formation, therefore
highlighting the need for implementing conservation
practices as part of future agricultural support.

An earlier study in Kenya byMati (2000), using the
old USLE, calculated rates of only 9–40 Mg ha−1 per
year for the upper Ewaso Ngiro basin on the northern
side of Mt. Kenya. However, that study area was used
primarily by pasturalists, resulting in greater ground
cover. In addition, that study area is on the leeward
side of Mt. Kenya where there was much less rainfall,
while the current study was on the windward side that
was exposed to more and greater intensity rains.

The subdivision of the catchment to segments with
specific LS-factors allows for the identification of
point-specific interventions to reduce soil loss. While
theK- andLS-factors may be changed gradually with
time by adding organic matter and development of
terraces respectively, theC- andP-factors can quickly
be altered each season by farmers through contour
planting and residue management to reduce theP-
and C-factors, respectively. Given the limitation in
farm sizes, the removal of plant residues for fodder
and other uses, and less space for vegetative barriers,
other support practices such as contour planting, strip
cropping, and use of furrows on all slopes to reduce
runoff should be used. Such practices in association
with the use of terraces will decrease the overall sup-
port practiceP-factor to below 0.2, thus lowering the
predicted erosion rates to within the estimatedT-value
for the area to initiate a sustainable farming system.
This can be accomplished through joint efforts by the
research and the extension services by teaching and
educating farmers on soil conservation methods that
are appropriate for the locality and that will help them
attain sustainable farming for future generations.

Calculation of the impact of water erosion on the
productivity and economic viability of the current
farming systems is extremely difficult because of
poor empirical data. According to the only estimate
available in Kenya, using USLE technology (Pagiola,
2000), terracing can be profitable under a wide
range of conditions from the standpoint of estimating
changes in crop productivity. Off-site impacts such
as sedimentation of reservoirs and lakes were not in-
cluded in the study. Benefits to the small land holder
came only in the long term, with estimates showing
that implementing terraces would take up to 48 years
to be repaid with profit increases. In the Machakos
district, which is semi-arid, the immediate cost for
terracing one hectare was 3423 ksh, plus 470 ksh for
maintenance each year. Although profitable, this was
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considered toohigh an initial investment for small
scale farmers unless there was a source of off-farm
income.

Use of Calliandra calothyrsus, a leguminous fod-
der tree, has been identified as a potential species that
could be grown on-farm, used as a barrier species in
contour hedges, and substitutes for purchased dairy
meal to improve the basal fodder diet of Napier grass
(Pennisetum purpureum). The Calliandra–Napier
grass hedges have been shown to be effective in de-
veloping natural terraces (Angima et al., 2000, 2002)
for substantial erosion control, while providing an
economic gain to the small farmer (O’Neill et al.,
2001) of up to US$ 150 per dairy cow per year.

4. Conclusions

Soil erosion by water continues to be a serious
global problem, especially in Africa. The primary ob-
jective of this study was to develop a database for use
in predicting erosion rates in the Kianjuki catchment
in central Kenya. The computer model used to calcu-
late average annual soil loss from the catchment was
the Revised Universal Soil Loss Equation (RUSLE
Version 1.06). The goal was to determine the erosion
hazards in this area and target locations for appropri-
ate initiation of conservation measures.

All factors used in RUSLE were calculated for the
catchment using local data gathered during the course
of this study data. The rainfall erosivityR-factor was
8527 MJ mm ha−1 h−1 per year and the annual average
soil erodibility K-factor was 0.016 Mg h MJ−1 mm−1.
Slopes in the catchment varied between 0 and 53%
with steeper slopes having overallLS-values of over
17. The C-factor values were computed using the
primary cropping patterns in the catchment, includ-
ing corn–bean 1-year rotation, coffee, and banana.
The only support practice (P-factor) commonly found
throughout the catchment was terracing on slopes
where coffee was grown.

Based on the data, the predicted total annual soil loss
varied from one overland flow segment to the next and
ranged from 134 Mg ha−1 per year for slopes with av-
erageLS-factors of 0–10 to 549 Mg ha−1 per year for
slopes with averageLS-factors of 20–30. These rates
were greater than the estimated soil loss tolerance (T)
for the area of 2.2–10 Mg ha−1 per year. The RUSLE

model was able to pinpoint site-specific erosion haz-
ards associated with each overland flow segment in
the catchment for different cropping patterns and man-
agement practices. This work highlights the severity
of erosion in tropical highlands of east Africa. Also,
RUSLE proved to be a useful tool for determining ero-
sion hazards in the region and pinpointed areas that
would benefit meaningfully from intervention strate-
gies. From concurrent work completed in the same
region, the use of Calliandra–Napier grass hedges for
developing and stabilizing terraces, might provide and
economically viable method for controlling erosion.

Acknowledgements

This work was supported by funds to the National
Agroforestry Research Project from the International
Center for Research in Agroforestry (ICRAF), the
Kenya Agricultural Research Institute (KARI), and the
Swedish International Development Agency (SIDA).
Travel and research for Drs. Angima and Stott were
supported by the Rockefeller Foundation (Grant No.
RF95022 #758). The authors thank Mr. S.P. Gachanja,
Center Director for the KARI Regional Research Cen-
ter that hosted this project, the two farmers, Paul and
Nathan, for the use of their land for the erosion plots,
and Kenneth Njagi and Patrick Njagi for their techni-
cal help in the field.

References

Angima, S.D., O’Neill, M.K., Omwega, A.K., Stott, D.E., 2000.
Use of tree/grass hedges for soil erosion control in the Central
Kenyan Highlands. J. Soil Water Conserv. 55, 478–482.

Angima, S.D., Stott, D.E., O’Neill, M.K., Ong, C.K., Weesies,
G.A., 2002. Use of Calliandra-Napier contour hedges to control
erosion in central Kenya. Agric. Ecosys. Environ. 91, 15–23.

Arnoldus, H.M.J., 1980. An approximation of the rainfall factor
in the USLE. In: DeBoodt M., Gabriels, D. (Eds.), Assessment
of Erosion. Wiley, Chichester, England, pp. 127–132.

Barber, R.G., Moore, T.R., Thomas, D.B., 1979. The erodibility
of two soils from Kenya. Soil Sci. 30, 579–591.

Brown, L.C., Foster, G.R., 1987. Storm erosivity using idealized
intensity distributions. Trans. ASAE. 30, 379–386.

El-Swaify, S.A., Dangler, E.W., 1976. Erodibilities of selected
tropical soils in relation to structural and hydrologic parameters.
In: Foster, G.R. (Ed.), Soil Erosion Prediction and Control.
Soil and Water Conservation Society, Ankeny, IA, USA, pp.
105–114.



S.D. Angima et al. / Agriculture, Ecosystems and Environment 97 (2003) 295–308 307

FAO-UNESCO, 1988. Soil Map of the World, Revised Legend.
FAO World Soil Resources Report No. 60. Food and
Agricultural Organization of the United Nations, UNESCO,
Rome, Italy, p. 199.

Franzmeier, D.P., Steinhardt, G.C., Crum, J.R., Norton, L.D.,
1977. Soil characterization in Indiana. I. Field and laboratory
procedures. Purdue University Agricultural Experiment Station
Research Bulletin No. 943, West Lafayette, IN, USA, p. 30.

Garde, R.J., Kathyari, U.C., 1990. Erosion prediction models
for large catchments. In: Proceedings of the International
Symposium on Water Erosion, Sedimentation, and Resource
Conservation. Dehradun, India, pp. 89–102.

Gee, G.W., Bauder, J.W., 1986. Particle size analysis. In: Klute,
A. (Ed.), Methods of Soil Analysis. Part 1. Physical and
Mineralogical Methods, second ed. Agronomy Monograph 9,
American Society of Agronomy and Soil Science Society of
America, Madison, WS, USA, pp. 381–411.

Huber, M., Opondo, C.J., 1995. Land use change scenarios for
subdivided ranches in Laikipia District, Kenya. Laikipia-Mount
Kenya Papers. Laikipia Research Program, Kenya and
University of Berne, Switzerland.

Kohler, T., 1987. Land use in transition: aspects and problems
of small scale farming in a new environment. The examples
of Laikipia District, Kenya. African Studies Series A5, Berne
University, Switzerland.

Mati, B.M., 2000. Assessment of erosion hazard with USLE and
GIS—a case study of the upper Ewaso Ngiro basin of Kenya.
Int. J. Appl. Earth Observ. Geoinform. 2, 78–86.

McCool, D.K., Brown, L.C., Foster, G.R., Mutchler, C.K., Meyer,
L.D., 1987. Revised slope steepness factor for the Universal
Soil Loss Equation. Trans. ASAE 30, 1387–1396.

McCool, D.K., Foster, G.R., Weesies, G.A., 1997. Slope length
and Steepness Factors (LS) In: Renard, K.G., Foster, G.R.,
Weesies, G.A., McCool, D.K., Yoder, D.C. (Ed.), Predicting
soil erosion by water—a guide to conservation planning with
the Revised Universal Soil Loss Equation (RUSLE). United
States Department of Agriculture, Agricultural Research Service
(USDA-ARS) Handbook No. 703. United States Government
Printing Office, Washington, DC.

McCormack, D.E., Young, K.K., 1981. Technical and societal
implications of soil loss tolerance. In: Morgan, R.P.C. (Ed.),
Soil Conservation Problems and Prospects. Wiley, Chichester,
England, pp. 365–376.

Oldeman, L., Hakkeling, R., Sombroek, W., 1990. World map of
the status of soil degradation, an explanatory note. International
soil reference and information center, Wageningen, The
Netherlands and the United Nations Environmental Program,
Nairobi, Kenya.

Omwega, K.A., 1989. Crop cover, rainfall energy and soil
erosion in Githunguri (Kiambu District), Kenya. Ph.D. Thesis,
Manchester University, UK.

O’Neill, M.K., Murithi, F.M., Nyaata, O.Z., Gachanja, S.P.,
Mugendi, D., Tuwei, P., Thijssen, H.C.J., 1993. National
Agroforestry Research Project. Kenya Agricultural Research
Institute, Regional Research Center, Embu. Annual Report,
March 1992–April 1993. Agroforestry Research Network for
Africa, (AFRENA). Report No. 69.

O’Neill, M.K., Tuwei, P.K., Karanja, G.M., Okoba, B, 2001.
On-farm assessment of contour hedges for soil and water
conservation in Central Kenya. In: Stott, D.E., Mohtar, R.H.,
Steinhardt, G.C. (Eds.), In: Proceedings of the 10th International
Soil Conservation Organization Meeting on Sustaining the
Global Farm (selected papers), 24–29 May 1999. International
Soil Conservation Organization in cooperation with the USDA
and Purdue University, West Lafayette, IN, USA, p. 390–394.
CD-ROM. USDA-ARS National Soil Erosion Laboratory, West
Lafayette, IN, USA, p. 390–394.

Onstad, C.A., Kilewe, A.M., Ulsaker, L.G., 1984. An approach to
testing the USLE factor values in Kenya. Challenges in African
hydrology and water resources. In: Walling, D.E., Foster, S.S.D.,
Wurzel, P. (Eds.), In: Proceedings of the Harare symposium,
July 1984. International Association of Hydrological Sciences
Publication No. 144, Wallingford, Oxfordshire, pp. 439–450.

Pagiola, S., 1990. Preliminary estimates on the economics of soil
conservation in Kenya. Policy analysis for rural development.
Ministry of Agriculture, Nairobi, Kenya. Report No. 1.

Pagiola, S. 2000. Quantifying the returns on soil conservation
in Kitui and Machakos areas in Kenya. In: Gichuki, F.N.,
Mungai, D.N., Gachene, C., Thomas, D.B. (Eds.), Land and
Water Management in Kenya: Towards Sustainable Land Use.
Soil and Water Conservation Branch, Ministry of Agriculture
and Rural Development, P.O. Box 30028, Nairobi, p. 351–362.

Renard, K.G., Foster, G.R., 1983. Soil Conservation—Principles
of erosion by water. In: Dregne, H.E., Willis, W.O. (Eds.),
Dryland Agriculture. American Society of Agronomy, Soil
Science Society of America, Madison, WI, USA, pp. 155–176.

Renard, K.G., Freidmund, J.R., 1994. Using monthly precipitation
data to estimate the R-factor in the RUSLE. J. Hydrology 157,
287–306.

Renard, K.G., Foster, G.R., Weesies, G.A., Porter, J.P., 1991.
RUSLE. Revised Universal Soil Loss Equation. J. Soil Water
Conserv. 46, 30–33.

Renard, K.G., Foster, G.R., Weesies, G.A., McCool, D.K., Yoder,
D.C., 1997. Predicting soil erosion by water—a guide to
conservation planning with the Revised Universal Soil Loss
Equation (RUSLE). United States Department of Agriculture,
Agricultural Research Service (USDA-ARS) Handbook No.
703. United States Government Printing Office, Washington,
DC.

Roose, E.J., 1977. Application of the Universal Soil Loss Equation
of Wischmeier and Smith in West Africa. In: Greenland, J., Lal,
R. (Eds.). Conservation and Soil Management in the Humid
Tropics. Wiley, Chichester, England, pp. 177–187.

Roose, E.J., Sarrailh, J.M., 1989. Erodibility of some tropical
soils—twenty years of records in some erosion plots under
natural rainfall. Soils Fert. 25, 7–30.

Smithen, A.A., Schulze, R.E., 1982. The spatial distribution in
Southern Africa of rainfall erosivity for use in the Universal
Soil Loss Equation. Water SA 8, 74–78.

Stocking, M.A., Elwell, H.A., 1976. Rainfall erosivity over
Rhodesia. Transactions of the Institute of British Geographers.
New Ser. 1, 231–245.

Summer, M.E., Miller, W.P., 1996. Cation exchange capacity and
exchange coefficients. In: Sparks, D.L. (Ed.), Methods of Soil



308 S.D. Angima et al. / Agriculture, Ecosystems and Environment 97 (2003) 295–308

Analysis. Part 3. Chemical Methods. Soil Science Society of
America, Madison, WI, USA, pp. 1201–1229.

USDA, 1975, Soil survey staff of the agency for international
development. A basic system of soil classification for making
and interpreting soil surveys. United States Department of
Agriculture, Agriculture Handbook No. 436. United States
Government Printing Office, Washington, DC.

USDA-ARS, 2001. Revised universal soil loss equation, United
States Department of Agriculture, Agricultural Research

Service (USDA-ARS) Handbook No. 703, Version 1.06b
[on-line]. Available for download athttp://msa.ars.usda.gov/
ms/oxford/nsl/rusle/index.html(verified 11 October 2002).

Wischmeier, W.H., Smith, D.D., 1978. Predicting rainfall erosion
losses. A Guide to conservation planning. United States
Department of Agriculture, Agricultural Research Service
(USDA-ARS) Handbook No. 537. United States Government
Printing Office, Washington, DC.

http://msa.ars.usda.gov/ms/oxford/nsl/rusle/index.html
http://msa.ars.usda.gov/ms/oxford/nsl/rusle/index.html

	Soil erosion prediction using RUSLE for central Kenyan highland conditions
	Introduction
	Methods
	Rainfall and runoff erosivity R-factor
	Soil erodibility K-factor
	Slope length and steepness LS-factor
	Cover management C-factor
	Support practice P-factor

	Results and discussion
	Rainfall and runoff erosivity R-factor
	Soil erodibility K-factor
	Slope length and steepness LS-factor
	Cover management C-factor
	Support practice P-factor
	Average annual soil loss from the Kianjuki Catchment

	Conclusions
	Acknowledgements
	References


